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Abstract

Geotourism and Geoparks development represent angerg interdisciplinary frontier in the field ofegsciences,
offering integrated pathways for geoconservatioepeglucation, and sustainable regional developmEme. Afar
Depression of northeastern Ethiopia constitutes ofiethe planet’s most geologically significant landpes,
characterized by exceptional geodiversity encomnipgsactive volcanism, hydrothermal systems, rifttéaics, and
paleoanthropological sites. Despite this outstapdiatural endowment, the region's geoheritage mesnéargely
uncharacterized and its geotourism potential uimedl This study systematically identifies and asse key geoheritage
sites across the Afar Depression through an intedrenethodology combining field investigations,eflite imagery
interpretation, and systematic literature revieweo§ites are evaluated according to their scientdiducational,
aesthetic, adventure, and geo-health values, asdified at international, national, and local gigance levels. Among
the identified sites, Dallol hydrothermal field,t&rAle lava lake, and the Middle Awash paleoanthfogical corridor
emerge as geosites of outstanding internationaleyaheeting the foundational criteria for UNESCl6zll Geopark
designation. Although Ethiopia holds one of thehleist concentrations of UNESCO World Heritage Siteafrica, no
national or UNESCO Global Geopark has yet beenbksited. This study provides the scientific founalat for
advancing geopark establishment in the Afar regionl a replicable model for geoheritage assessmaissa

geologically exceptional but underrepresented Afriterritories.

Keywords: Geoheritage assessment - Geotourism - Geoparkco@evation - Afar Depression - Ethiopia

1. Introduction

1.1 Geodiversity, geoheritage and geoconservatioa:global context

Geodiversity encompassing the natural range ofoggcdl, geomorphological, pedological, and hydratafyfeatures,
processes, and systems underpins both ecosystettiofurand cultural identity (Gray, 2018). From thHisoader
geodiversity foundation, geoheritage refers spesliff to those components of the abiotic naturairemment that carry

outstanding scientific, educational, cultural, oesthetic significance and merit targeted consesmat{Brilha,
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2016).Geoheritage conservation has progressivalived from site-level protection toward landscapaks governance

frameworks, most prominently through UNESCO's Gldbeoparks Programme.

Global Geoparks are defined as single, unified gguigcal areas where sites and landscapes of attenal geological
significance are managed with a holistic conceppuftection, education, and sustainable developrléNESCO,

2016). Established in 2015 as an official UNESC®igleation and as of 2026, 241 UNESCO Global Geapagerate
across 51 countries, yet the African continent iesmdramatically underrepresented, with two dedigmhaites across
the entire continent (GGN, 2026). This disparityp#sticularly striking given that Africa hosts somiethe world's most
exceptional geological and paleoanthropologicatismapes, many of which remain scientifically undnented and

institutionally unprotected.
1.2 Geotourism as a tool for geoheritage promotion

Geotourism is a form of sustainable tourism thainpstes and enhances the geological identity ofaaeplhile
integrating its natural, cultural, and social heg# (Dowling, 2021). It has become an effective mmasm for
translating geoheritage into geoeducational, enwrental sustainability, and socioeconomic benefis local
communities (Reynard & Brilha, 2018). Within the BSCO Global Geopark framework, geotourism servea ksy
management tool that supports geoconservationaisable livelihoods, local identity, and climatesiteent regional

development while ensuring the long-term protectibgeoheritage resources (UNESCO, 2023; Dowling12.

The systematic assessment of geotourism potesatebpirerequisite for any geopark development path@aantitative
and semi-quantitative geosite evaluation methodsidling the Geosite Assessment Model (GAM; Pereifral., 2007),
the Modified GAM (M-GAM; Coratza & Giusti, 2005),nd the Methodology for Assessing the Scientific and
Additional Values of Geosites (Brilha, 2016) pmbistructured, replicable frameworks for rankinggites according
to their scientific, educational, and touristic wed. The application of such methodologies to emgrgeoheritage

territories is critical for building the evidencade required for national and international geopackgnition.

1.3 The Afar Depression: a globally exceptional gberitage territory

The Afar Depression of northeastern Ethiopia ctuists one of the most geodynamically active aneéndifically
significant landscapes on Earth. Situated at timvemence of the Nubian, Somali, and Arabian tectptates-forming
the Afar Triple Junction- the region is a natuedddratory for the study of continental rifting, {@alivergence, and the
early stages of ocean basin formation (Hayward &gdr, 1996; Chorowicz, 2005; Varet, 2018). TherAlepression
is currently the only location on Earth, alongsideland, where an actively spreading mid-oceardgeisystem is
exposed above sea level, making it an irreplaceaiielow into lithospheric and asthenospheric prsessthat are

otherwise accessible only through submarine ingatstn (Wolfenden et al., 2005; Varet, 2018).
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The region's geological significance extends weldnd tectonics. Active volcanism- most visibly eegsed at Erta
Ale, one of the world's few persistent lava lakesécompanied by extraordinary hydrothermal agtiaitDallol, where
one of Earth's most extreme surface environmergphaduced a globally unique assemblage of hydrotalemineral
deposits, acidic brine pools, and salt formatidbav@alazzi et al., 2019). The Danakil Depressiorgpgroximately 125
meters below sea level, represents one of the tcamekhottest permanently inhabited places on Ehdsting evaporite
sequences of considerable mineralogical and stagiigc significance. These volcanic and hydrothérfeatures,
combined with the region's active fault systems ae@micity, render the Afar Depression a site xéeptional

geodiversity across multiple Earth science disogsi

Equally significant is the Afar Depression's cadmtition to paleoanthropology. The Middle Awash reskearea has
yielded some of the most consequential homininilfaéscoveries in scientific history, includingydipithecus ramidus
at Ardi, Australopithecus afarensis at Hadar-famously represented by the specimen knasvLucy and the world's
oldest documented stone tools at Gona (Johansaln &982; White et al., 2009; Semaw et al., 2008gse discoveries
have fundamentally shaped understanding of humasiutanary origins, conferring on the Afar Depressia

paleoanthropological significance that extend$farond geological value alone.

2. General Description of the Survey Area

2.1 Geographic Setting and Administrative Context

The Afar Depression is situated in northeasternogth and constitutes the northernmost segmenhefBast African
Rift System (EARS). It forms within the extensiozaine defined by the divergence of three majopsiiheric blocks:
the Nubian (African), Somali, and Arabian platesiyiWard & Ebinger, 1996). Geographically, the stadya is bounded
approximately between 554528-715545mE and 1271803967mN in UTM Zone 37N (Fig.2.1). Administratiygelt

corresponds largely to the Afar Regional State tifidpia, one of the country's ten federal admiaiste regions,

covering an area of approximately 270,000 kmz2.
2.2 Population and Socio-economic characteristic

The region is home to the Afar people, a predontlpguastoral and agropastoral community whose ilnelds are
closely tied to the region's distinctive landscape natural resources, including artisanal salt goid mining on the
Northern Afar Depression a practice with centunésultural heritage. The population of the AfargRmal State is

estimated at approximately 1.8 million (CSA Ethm[2022), distributed across a vast and sparsgylated terrain.
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2.3 Physiography

The Afar Depression is predominantly a lowland bafissected by horsts and grabens, with isolatghd-telief peaks
representing Quaternary shield volcanoes and vimoamges. Elevation across the region varies diaaily, from

approximately 125 meters below sea level in thddD&lepression- one of the lowest subaerial sugame Eartht- to
approximately 2,145 meters above sea level in tbstevn highland margins (Fig. 2.2). This extremgudinal range
within a relatively confined geographic area retfieihe region's intense tectonic activity and poeduhighly contrasting

physiographic zones, from basaltic lava plains saitiflats to fault escarpments and volcanic edfic

2.4 Climate

According to moisture regime classification, theasADepression is characterized by hyper-arid t eonditions across
its central and northern sectors, grading into samdi conditions toward the southwestern margingaM annual
temperatures consistently exceed 30°C across méidheolowland basin, with Dallol - in the northeDanakil
Depression- holding the record for the highest maamual temperature ever recorded for any inhabigedtion on
Earth, averaging approximately 34.4° (WMO, 2024hnAal precipitation is extremely low, generally del200 mm

across the hyper-arid core, with most rainfall emncated in two short wet seasons.

Monthly temperature variability is relatively mode®mmpared to the marked seasonal variation iniitation, which
briefly moderates surface conditions during peakfadl months. From a geotourism perspective, tleeiqu from
November to February represents the most favonabidow for visitor activity, combining lower tempsures with

reduced precipitation and improved accessibilitypas the region's unpaved terrain.

2.5 Geological setting

The Afar Depression occupies the central junctidntiee Afro-Arabian Rift System, which comprises dér
interconnected rift arms: the southern Red Seg Ri& Gulf of Aden Rift, and the East African Rifthese three rift
arms converge to form a triple-junction zone apprately 400 km in width, with the Afar Depressiohits focus
(Hayward & Ebinger, 1996). This configuration makles Afar one of the best-exposed natural laboegarn Earth for

studying the transition from continental riftingiteipient oceanic spreading.

The Afar Depression is the only subaerial locationEarth - alongside Iceland - where an activelseaging mid-

oceanic ridge system can be observed directlyasthiface, allowing researchers to examine allessice stages of
lithospheric divergence since the onset of contalehreakup (Wolfenden et al., 2005; Varet, 20IB)e region

currently represents an advanced stage of contihtmbceanic rift transition within the broader E& framework, and
is considered one of the most tectonically dynateicains accessible to geological investigationi©lwicz, 2005;

Varet, 2018; Rime et al., 2023).
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Figure 2.1 Location of the Afar Depression. Satellite imadettee Afar Depression showing principal physiogriaph
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Active surface processes provide continuous andrehble evidence of ongoing extensional deformafidrese include
frequent shallow seismicity, active normal faultingpisodic dike intrusion events, and persisteritarism-most
spectacularly manifested in the Erta Ale volcardoge, which hosts one of the world's longest-lileach lakes and

serves as a surface indicator of active magmatienping at shallow crustal depths (Varet, 2018). Tagion's
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geological record encompasses magmatic, volcamitonic, sedimentary, and geodynamic processeatipgracross

both continental and nascent oceanic lithosphenoains, rendering it a site of truly global geotagisignificance.

The broader geological architecture of the Afar iBgpion is shaped by a mantle thermal anomaly aj@mhotspot-
whose upwelling drives the regional extensionalmegand sustains the active volcanism and hydrothkactivity that
characterize the region's surface expression (V&@t8). Hydrothermal manifestations are partidylatriking at
Dallol, where interaction between geothermal brilmesl evaporite sequences produces an assemblagegnefal

precipitates, acidic pools, and salt structuresxaeptional scientific and aesthetic interest.
Paleoanthropological significance

Beyond its geological distinction, the Afar Depiieasoccupies a unique position in the history ofmlam evolutionary
research. The Middle Awash research corridor helslgd a series of hominin fossil discoveries tlatehfundamentally
reshaped scientific understanding of human origiftsese includeArdipithecus ramidus recovered at the Ardi site,
representing one of the earliest known hominin igseat approximately 4.4 million years before pnég&Vvhite et al.,
2009); Australopithecus afarensis recovered at Hadar, represented most famousldgpecimen designated AL 288-1
and popularly known as Lucy, dated to approximaBe® million years (Johanson et al., 1982); andvibed's oldest
documented stone tools at Gona, dating to apprdagign&.6 million years (Semaw et al., 2003). Cdilegly, these
discoveries establish the Afar Depression as ottleeoiost significant paleoanthropological terigeron Earth, a status
that substantially amplifies its geoheritage vatune geotourism appeal beyond what geological @italone would

confer.

3. Methodology

This study employed an integrated, multi-phase puddltogy combining desktop analysis, remote sensggiematic
field investigation, laboratory analysis, amgkotourism potential assessment. The methodolodieahework is

organized into five sequential phases as deschbkxv.

3.1 Document review and data acquisition

3.1.1 Systematic literature review

A systematic review of published and unpublishéerditure was conducted to establish the scientifiological, and
geotourism context of the Afar Depression. Soureegewed included peer-reviewed journal articleégses, technical

reports, and official policy documents pertainimggeoheritage assessment, geoconservation, gesstodgvelopment,

and geopark establishment at national and intemnalttievels.

6|Page



lLegend

Major Roads
@ Towns

Tectonic Domain of Afal
IDEM_Afar.img

Value
High : 2300

‘, “Low : -126

st |

Gewane

| Kilometdr:

Idis Ababa

600000 700000 800000 900000

Figure 2.2.DEM of Afar Depression NAD, CAD, SAD and MER (sepied by the white broken lines) are the northern,

central and southern sectors of the Afar DepressimhMaine Ethiopian Rift.

7|Page



3.1.2 Remote sensing data acquisition and procesgin

Multispectral satellite imagery was acquired frooblicly accessible repositories to support geolalgisapping, geosite
identification, and landscape characterization.dsat 8 and Sentinel-2 imagery were obtained froenUhited States
Geological Survey (USGS) EarthExplorer and Copemshidata Space Ecosystem portal. Digital Elevatioodéfs
(DEMSs), including the Shuttle Radar Topography Nies(SRTM) 30 m product and the ASTER Global Dibita
Elevation Model (ASTER GDEM), were used to analywpographic characteristics, fault structures, apic
morphology, and site accessibility. Supplementaah imagery was acquired from drone surveys cotetliduring

field campaigns and from archive materials provitdggartner institutions.

All remote sensing data were processed and analyzied ArcGIS software platforms. Image compositibgnd ratio
analysis, and geological lineament mapping wereligghpo support field survey planning and postdialeosite
characterization. Remote sensing outputs were riated with field-collected GPS data and geologigaservations

within a unified GIS geodatabase.

3.2 Field investigation

3.2.1 Field campaigns and geosite survey

Field investigations were conducted across multipdenpaigns between 2021 and 2024, covering thecipah
geologically and geomorphologically significant esrof the Afar Depression. For each candidate tgedbie following
data were systematically recorded: geographic d¢oatels (GPS), geological and geomorphological detsan,

photographic documentation, evidence of existingjtei use, infrastructure conditions, conservatitatus, and any
active threats to site integrity. A total of thidype (31) geosites (Fig. 3.1) were surveyed andidered for inclusion in

the final geoheritage inventory.

3.3 Laboratory analysis

Sample preparation

Water sample preparation and analysis were caougdt the Ethiopian Construction, Design, and V¥d@orporation
laboratory, Addis Ababa, Ethiopia. Sample preparafollowed standard filtration procedures (APHA thied 2540A)
and acid digestion protocols (APHA Method 3030appropriate for the analytes of interest.

3.3.1 Analytical procedures

All water samples were analyzed in accordance thi¢gh23rd edition of the Standard Methods for thar&xation of

Water and Wastewater (APHA, 2017). Full analytigatameters and corresponding methods are presengggbendix
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Table A. Analytical quality was maintained througdutine calibration with certified reference starttia procedural

blanks, and duplicate analysis, with a target greniof +5% relative standard deviation.
3.4 Geoheritage and geotourism potential assessment

3.4.1 Geosite identification and inventory

Candidate geosites were identified through the eogence of remote sensing analysis, systematiatites review, and
field observation. Sites were included in the irteen if they exhibited at least one of the folloginoutstanding
scientific value in terms of geological, geomormigital, or paleoanthropological significance; higtucational,
exceptional aesthetic, potential geotourism appmagvidence of cultural or historical associatieith the geological

landscape.
3.4.2 Assessment framework and scoring

The geotourism potential of each inventoried geositas evaluated using a modified multi-criteria easment
framework adapted from established geosite evalnatiethodologies (Brilha, 201Reynard et al.2016;and Vereb et

al., 2020) Each geosite was scored across five value categorie

Scientific value (Vs):geological uniqueness, representativeness, réshtory, integrity

Educational value (Ve):interpretive potential, accessibility for non-siadist visitors, didactic relevance
Aesthetic value (Va):scenic quality, visual diversity, landscape conitjms

Adventure and geo-health value (Vah):potential for active geotourism experiences, theutic or wellness

associations with geothermal and mineral wateufeat
Conservation value (Vc):current protection status, vulnerability to degtémh, urgency of management intervention

Scores were assigned on a standardized numeralal $gpically as low, moderate and high) and aggred to produce
a composite geotourism potential index for each @dble 4.1). Based on composite scores and bearkkoh against
UNESCO Global Geopark criteria (UNESCO, 2016), geeswvere classified into three significance tiénéernational,
national, and local. This classification informedittb the prioritization of conservation interventsoand the strategic
geotourism development recommendations presenteBeation 4. The assessment has been designed én trd
minimize subjectivity. Each assessment framewotleg@ies were rated through a combination of liteereview,

comprehensive field campaigns and laboratory arsalys
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4. Geoheritage Inventory and Assessment

The Afar Depression's exceptional geological sgt8opports a remarkable diversity of geosites epessing active
volcanic systems, hydrothermal fields, tectonic dfanms, evaporite landscapes, and internationalgnificant
paleoanthropological localities. This section presahe systematic inventory and multi-criteria tgeoism potential
assessment of the principal geoheritage sitesiftbghticross the study area. Sites are organizegehgtic and thematic
category, described in terms of their geologicahrabteristics and geotourism attributes, and eteduasing the
integrated assessment framework described in $e8tib A summary of assessment scoregesfheritage sites and

significance classification for all inventoried gées is presented in Table 4.1 and mapped in EigLir.

Applying the five-category assessment frameworke(diic value Vs; educational value Ve; aesthetaue Va,;
adventure and geo-health value Vah; conservatitrewic), geosites were ranked as high, moderatlyogeotourism
potential and further classified by geographic Sigance as international, national, or local (Hgl). The identified
geoheritage sites are organized into five themeditegories: (i) geothermal features, (ii) volcatdadforms, (iii)
geomorphological landscapes, (iv) paleoanthropobdgiocalities, and (v) tectonic and structural pbrmena. Each

category is described and assessed in the subsebétow.

Table 4.1Geotourism potential assessment of key geohergige Afar Depressio

Geosite Category Value Categories Overall | Significanc
rating |e

Vs Ve Va Vah Ve
Dallol Geothermal K% % [ dkk [ kK | %% [High [ Very International
hydrother High
mal field
Erta Ale | Volcanic k% | k% | hkKk [ k%K |High | Very International
volcano High
Boina Geothermal Kk k| kkk | kk * % High | High National
fumarole
field
Alallobad | Geothermal Kk ok | kkk | kkk | kK High | Very International
geothermal High
field
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Tio Geothermal Kk k| kkk | kk * % High | High National

geothermal

field

Hadar Paleoanthropol| s % | k% | ok *k | dk High | Very International

(Lucy site) | ogical High

Lake Abhe | Geomorphologi| s % % | %% * %% | % %% | High | Very International
cal High

Afar triple | Tectonic ok k| hokok | Kok * Med | High International

junction ium

Vs = Scientific value; Ve = Educational value; VaAesthetic value; Vah = Adventure/geo-health

value; Vc = Conservation priorityk % % = High; % % = Moderatepk = Low.

Table 4.1Geotourism potential assessment of key geohergidg®e Afar Depression (continued).

Geosite Category Value Categories Overa | Significanc
Il e
rating
Vs Ve Va Vah Ve
Afar rift | Tectonic/ ok k | kkk | Kk * Medi | High | International
escarpmen | Geomorphologi um
ts cal
Awash Tectonic/ * * % * kx| kk Medi | Moder | National
water fall [ Geomorphologi um ate -
and cal High
canyon
Lake Geomorphologi| % % * % Kk | kk Low | Moder | National
Gameri cal ate -
and High
Afambo
Lake Tectonic/Geom| s % % | % % Kk k| kk Low | High National
Loma orphological
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Abida Tectonic/ * kx| kk * % %% % | Low | High Local
Caldera/C | Geomorphologi

rater cal
Tendahoo | Geomorphologi % % * % * % * High | Moder | Local
Dame cal ate

Vs = Scientific value; Ve = Educational value; VaAesthetic value; Vah = Adventure/geo-health
value; Vc = Conservation priorityk % % = High; % % = Moderatepk = Low.

4.1 Geothermal Features

Geothermal activity in the Afar Depression is ofi¢ghe most geologically dynamic and visually speatar expressions
of the region's position at an active rift tripiengtion. Surface manifestations-including hot sgsinfumaroles, mud
pools, hydrothermal mineral deposits, and acidinebsystems-occur at multiple locations acrossNbehern, Central,

and Southern Afar Depression (Fig. 4.1). Threeqgipal geothermal geosites of geotourism signifieaace assessed

below.

4.1.1 Dallol hydrothermal field
General Description of Dallol area

The Dallol hydrothermal field occupies the northsector of the Afar Depression, within one of thestrgeochemically
extreme surface environments on Earth. The DalkprBssion covers an area of approximately 3 kminted by the
Balakia Mountains to the west, the Danakil Alpste northeast, and the Erta Ale volcanic rangé¢osbuth (Fig. 4.6).
Dallol Mount is located at the center of the rikisaof the Dallol Depression. At approximately 1®6below mean sea
level, with mean annual temperatures of approxitneéd4.4°C and annual precipitation typically bel&@ mm, Dallol

ranks among the hottest, lowest, and most arid @eemtly accessible surface environments on Eadhaz({Rri et al.,

2015). The area is accessible via the Samara-Aftlenaed Ela road corridor (approximately 320 km fr@amara) or

alternatively via the Samara-Afdera-Abala-Beralolate (approximately 420 km).
Hydrothermal system

The Dallol hydrothermal system results from theeiiattion of deep-circulating geothermal brines wtitle thick
Quaternary evaporite sequences of the Danakil Basia system is highly dynamic: individual sprintges become
inactive and new discharge points emerge over gemmd days, while flow rates and chemistry varyraveurs within a
single site (Kotopoulou et al., 2019). Hydrotherntmines discharge as oxygen-free, hyperacidic,-ficm fluids
supersaturated with respect to halite, generat@ay-mstantaneous precipitation of halite pillaraahing several meters

in height upon surface exposure (Kotopoulou et24l19).
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Major element concentrations in spring brines aatigools are dominated by chloride (285.3 g/L) aodium (46.8
g/L), followed by magnesium (35.8 g/L), calcium @1/L), iron (19.2 g/L), and potassium (9.3 g/Bmong trace

elements, mercury (1,080 mg/L) and manganese (g3B)rare most abundant.
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Figure 4.1 Geotourism Map Guides of the Afar Depressions. NAIAD, SAD and MER (separated by the white

broken lines) are the northern, central and soatkectors of the Afar Depression and Maine EthioRét.
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Aesthetic and geomorphological character

Dallol's surface is characterized by a strikingeasslage of naturally sculpted salt canyons, mushrimm halite
structures, ropy brine surfaces, salt flower piigaips, polychromatic brine pools, acidic hot sgsinand fumarole fields
(Fig. 4.2). The chromatic diversity of the brineopm- spanning yellow, green, orange, and red teresults from the
combined effects of iron oxidation and mineral getjanization, extreme pH and redox gradients, mmcrobial
pigmentation by carotenoid-producing microorganismduding cyanobacteria (Cavalazzi et al., 20IBhe CNN
designated the Danakil area as one of the woriftésefi most colorful landscapes in December 20&flecting the

exceptional aesthetic quality that draws intermatiovisitors despite the site's extreme conditions.

Astrobiology and planetary science significance

Beyond its terrestrial scientific value, the Dallgldrothermal field has been recognized as oneaoths most relevant
analog environments for the study of extraterrakthabitability. The co-occurrence of active volicam, diffuse
hydrothermalism, extensive sulfate deposits, angefacidic conditions closely parallels inferred tpagdrothermal
environments on Mars, making Dallol an internatibnaignificant planetary field analog for astrolmgy research
(Cavalazzi et al., 2019). This dimension adds ajuwmiglobal scientific dimension to the site's geage value that

extends well beyond conventional geotourism caiegor

Geotourism assessment and significance

Dallol is assessed as a geositdrtérnational significance across all five evaluation criteria: it represeatglobally
unigue geochemical environment (Vs = high), offexseptional interpretive potential for Earth scemand astrobiology
education (Ve = high), presents extraordinary assthappeal (Va = very high), provides an extrentweature
geotourism experience (Vah = high), and faces Bagmit geoconservation challenges from unregulateifor access
and the inherent fragility of evaporite surfaceistares (Vc = high priority). Dallol fulfils multie criteria for UNESCO
Global Geopark designation and represents the siigh@rity geosite in the Afar Depression invegtéor international

geopark development.
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Figures 4.2Representative image of the hydrothermal systesmaorphological featuresf Dallol area. D-4- Fumarols;
D-5-Acidic Pools and Terraces; D-6-Salt Pillar-witlay and gypsum intercalation; D-10 Sun set #i@s; D-11 O m
altitude.
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4.1.2 Alallobad and Tio geothermal fields
Geological and geothermal setting

Alallobad geothermal field is situated in the Cahtkfar Depression, approximately 21 km south aih8ea (the capital
of Afar Regional State), within the axis of the NS¥ trending Tendaho Graben. The site is currentthe feasibility
stage of geothermal energy development (Geolo§ualey of Ethiopia, 2009). The Tendaho mountaigeafiorming a
prominent fault scarp to the west of the fieldcigracterized by steam emanations and cold spistparge, which
drain downslope toward the active hydrothermal z&ming pool depths reach approximately 50 m gtelocations,

with water temperatures measured between 69 ar &Alallobad.

Tio geothermal field lies at the foothills of therdaho Mountain range in the Central Afar Depressapproximately
20 km east of Adaytu Town and south of Alallobaat ldprings at Tio discharge at temperatures ranfyimg 81 to

98°C along the northeastern margin of the strataghltic series, within the western extent of tieedyyu Graben.

Both fields are characterized by structurally cold hydrothermal systems hosted within Quaternbagaltic
sequences, where geothermal fluids migrate aloagegr-bounding faults and extensional fracture nedsvoSurface
expressions at both sites include hot spring poblsxceptional chromatic diversity - displaying gne sky-blue, and
yellow coloration - fumarole fields, mud pools wipklsating discharge behavior, geysers reachingod&m in height,

and hydrothermally altered ground with fragile sadtl sulfur crusts (Fig. 4.3 and 4.4).
Hydrogeochemistry

Water samples collected across both sites (n=331-2024) reveal a predominantly NaCl hydrochemfeales with
elevated S@ and SiQ concentrations and an average total dissolvedisdliDS) content of approximately 7,220
mg/kg. A secondary bicarbonate water type (Nak@Omposition) with medium to moderately alkaline pllues
(6.60-8.56) was also identified. The chromatic diitg of the spring pools reflects variations innesal content -
including arsenic, sulfur, silica, and calcium aarhte - together with the presence of thermophiiicroorganisms such
as cyanobacteria and algae, whose pigment expneissinodulated by pH, temperature, and light intgr{ifecoraino et
al., 2025).

The color of individual pools is thus determined tmg specific combination of mineral precipitatidemperature
regime, pH conditions, and microbial community casition - making each pool a visually distinct asaentifically

significant microenvironment.
Geo-health significance and public health risk

The geothermal waters of both Alallobad and Tio ehdeen traditionally used by the local Afar comnwrior
therapeutic purposes, including treatment of skamditions, musculoskeletal disorders, and respiyattiments.
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Medicinal constituents identified through geocheahamalysis include calcium (11,286 mg/L), sodiu#,248.5 mg/L),
magnesium (6,019.2 mg/L), potassium (2,211.5 mgdllfate (893.6 mg/L), and bicarbonate, alongsideet elements -
including zinc, copper, iron, and selenium - repdrby community members to benefit livestock mitkdguction and

overall animal health.

However, geochemical analysis also revealed coraténs of several elements substantially exceeWiitD drinking
water guidelines. Arsenic concentrations rangedhfia45 to 7.71 mg/L (WHO guideline: 0.01 mg/L), dlide was
measured at 37.02 mg/L (WHO guideline: 1.5 mg/lod anercury ranged from 3.86 to 10.5 mg/L (WHO gliige
0.006 mg/L). Qualitative community interviews canfed health concerns consistent with chronic exgoso these
elements, including dental and skeletal fluorogastrointestinal disorders, and suspected long-texin effects. These
findings underscore the critical importance of demuical risk communication as part of any geotenrieanagement

framework for the site.

Additionally, active fumarole venting, unstable hgthermally altered ground, deep pool margins, andl eruption
events present physical safety hazards for visitbiermal geotourism development at both sites wdlfuire

comprehensive visitor safety protocols, barrierasfructure, and guided access management.

Geotourism assessment and significance

Despite its geotourism potential, Tio remains l&rgenknown beyond the regional research commumityere formal
geotourism infrastructure remains absent at the. siallobad has received initial recognition - liding the
construction of a connecting access road (Logiala¥lad) and currently developing visitor infrasttwies. The
combination of exceptional aesthetic appeal, getheradition, scientific significance, and advuera potential places
both sites among the priority candidates for gedou development and geoconservation planning énGentral Afar

Depression.

Alallobad geosite are assessedl@ternational significance across all evaluation criteria, whereas the Tie &
classified asnational significance in terms of geotourism potential, with prospeats €levation to international
significance pending further systematic characiion, formal geoconservation management, and piiomsd
development. Development of georesort infrastr@;tuinterpretive signage, and guided visitor program

recommended as a priority management action.
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Figures 4.3Satelite image (Geogle image Pro) and Drone Inf@&g®gle earth 2025) of Alallobad
Hot Springs-Centaral Afar Depression.
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Figures 4.4Field Photographs: Hot spring and mud pools, Fotearand gysure at the base of the fault scagrealt
grounds and hot spring pools with depth measurmie@entral Afar Geothermal Fileds. Photos was tdkeking

westward
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4.1.3 Boina (Dabbahu) fumarole field
Geological setting

The Boina fumarole field is situated near the sunohthe Dabbahu volcanic complex in the NortheffarADepression
(UTM: 661564N, 1399202E), approximately 2 km nordisiv of the Dabbahu summit. The area comprises
hydrothermally altered Quaternary volcanic depositincluding rhyolites, trachyte, pumice, and Wasahat host
numerous active pit craters and fumarole vents.(Bi§). A prominent NW-SE trending fissure system tbe
northwestern flank of the crater field aligns withe general orientation of the Tendaho Fault, iatitig structural

control on fumarolic degassing (Varet et al., 2018)

Surface expressions include sulfur-degassing fulesuwith visible sulfur staining on altered grousutfaces, inferred
caldera structures, and fissure vent systems. Losaimunities have adapted lower-temperature furaavehts as
condensation sources for drinking water by consitmgcsimple collection structures from rocks, graasd wood - a
traditional practice that simultaneously refledts site's geo-cultural significance and constitategrious public health

concern.
Hydrochemical risk

Geochemical analysis of waters collected from comitgicondensation points at Boina (2024) revealeacentrations
of fluoride (12.4 mg/L; WHO limit: 1.5 mg/L), arsen(5.6 mg/L; WHO limit: 0.01 mg/L), and mercury5% mg/L;
WHO limit: 0.006 mg/L) far exceeding safe threslsoldr drinking water consumption (WHO, 2022). Chooexposure
to these concentrations carries documented rislaéer, kidney and liver damage, neuromusculagiment, and
skeletal fluorosis (US EPA, 2001). Community healitk communication and provision of alternativdesavater

sources constitute urgent management priorititisissite.
Geotourism assessment and significance

Boina is assessed as a geosite national significance for geotourism, combining exceptional volcanic and
hydrothermal features with geo-cultural and scfentdimensions rarely encountered at a single $isealignment with
active fissure systems, inferred caldera structuaad evidence of ongoing degassing make it ao$itdgh scientific
value (Vs = high). Its relative accessible and t@dicurrent visitor infrastructure - accessibletvia Samara-Teru route
(approximately 150 km) or the Samara—Korry junctidfdera—Teru asphalt road (approximately 260 km) -

simultaneously represent geotourism developmenmppities and geoconservation advantages.
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Figures 4.5Satellite image (Google Earth Pro); Active pittera with fumaroles; “Boina” (i.e. fumaroles adaptsy the
local people to condense drinking water) and Fessent with sulfur stained and degassing.

4.2 Geomorphological Landscapes

The geomorphological diversity of the Afar Depressieflects the complex interplay of tectonic atyivvolcanic

construction, climatic aridity, and eustatic seeelechange operating across multiple timescaleg@kli 2009). The
region's position at an active rift triple junctiomeans that tectonic forcing remains the dominantrol on landscape
evolution, expressed through the formation of lmrgtabens, fault escarpments, and volcanic edificat define the
regional physiography. Superimposed on this strattitamework, aeolian, fluvial, and lacustrine gesses operating
under hyper-arid to arid conditions have generatsgcondary suite of landforms of considerableqetm interest.

The principal geomorphological geosites identifiethe inventory are assessed below.
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4.2.1 Volcanic Landforms

Volcanism is the most visually dramatic and sciagily distinctive element of the Afar Depress®geoheritage. The
region hosts numerous volcanic edifices spanniigdhkolcanoes, stratovolcanoes, and calderas, weithing levels of

current activity. The following subsections asgbgsprincipal volcanic geosites identified in theentory.

Erta Ale shield volcano

Geological and volcanological setting

Erta Ale is a basaltic shield volcano rising frome floor of the Northern Afar Depression, constitgtone of the most
volcanologically significant active volcanic systeran Earth. Its summit is defined by an ellipticaldera elongated
NNW-SSE (approximately 1,600 x 700 m), within whielo pit craters have hosted persistent lava lakigity since at
least 1967, and possibly since as early as 190b¢@gia& Varet, 1970; Varet, 2018). This sustainedltirdecadal lava
lake activity places Erta Ale among a globally estve set of persistent lava lake systems, comfgrably to
Nyiragongo (Democratic Republic of Congo), Ambrysfafiuatu), and Mount Erebus (Antarctica).

Historical records document significant variabilitylava lake level and activity. The northern griater hosted an active
lava lake until solidification occurred between 8%hd 1992 following emplacement of lava flows dgrthat period
(Varet et al. 2018). The southern pit lake experehbrief surface solidification between late 2@0w April 2005
before reactivation in September 2005, interpreied response to the regional volcanoseismic aiglsat year (Ayele
et al., 2007). A significant overflow event frometeouthern pit onto the main crater floor was doeted in November
2010 - the first recorded since a comparable evelttarch 1973 (Field et al., 2012).

Current activity and field observations

Field observations conducted in February 2024 dsmbno active lava lakes within the main caldefae& active scoria
cones - distributed across the northeastern, easted south-central sectors of the caldera fltamgaan NNW-aligned
axial zone - were documented, with limited lavausibn from each (Fig. 4.6). Sulfurous degassinmftbe northeastern
cone was recorded during the survey. Lava textobserved on fresh flow surfaces were glassy anghgoitic in

character, with plagioclase and olivine phenocrysta fine-grained matrix, consistent with typidaita Ale basaltic

compositions, and displaying dominantly pahoehatasa morphology.

Subsequent activity reported in September 202%dead lava fountaining, lava lake rise, and overflowents reaching
the caldera rim (Fig. 4.7). Satellite imagery confed the development of a new effusive phase begirin April 2025,
characterized by the phenomenon of apparent béumeeflemission -a visual effect produced by the catidou of

sulfuric gases upon contact with atmospheric oxygegher than a true coloration of the lava its€ppenheimer &
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Yirgu, 2002; Fig. 4.8). These observations confthra high temporal variability and ongoing dynamature of Erta
Ale's volcanic system.

Scientific significance

Erta Ale provides a uniquely accessible naturabiatory for the study of persistent lava lake dyi@mbasaltic
magmatic processes, open-system degassing, antimealolcanic behavior. Its lava lake system affeontinuous
insights into the interaction between shallow magdrodies and the surface environment, and has teesubject of
sustained scientific investigation since the 18360 (Barberi & Varet, 1970; Oppenheimer & FrantB97; Field et al.,
2012). The volcano's position within the Afar sptieg system means that its magmatic plumbing isctliy connected

to the broader lithospheric extension processdsihie the Afar Depression globally significant.

Accessibility and visitor infrastructure

Access to Erta Ale has been significantly improbgdecent road construction. The Afdera-Erta Alecfion segment
of the Ahmed Ela Road Project - funded by the Ftisio Road Authority and constructed by China WUCH. Ltd -
now provides a paved or well-graded surface for itiegority of the approach route. Despite this isfractural
improvement, visitor accommodation at the site iesnaxtremely limited, consisting only of rudimemntavind and sun
shelters constructed from volcanic rock, wood, ok on the crater rim. This deficiency represémtsmost significant
barrier to sustained geotourism development at Aeaas the absence of overnight facilities redugsitor dwell time
and limits the economic benefit to local commuusiticDevelopment of basic but appropriate accommaonati
infrastructure - designed in harmony with the voicdandscape and managed by local Afar communitiesdentified

as a priority management action.

Geotourism assessment and significance

Erta Ale is assessed as a geositéntérnational significance and the highest geotourism priority in the volcani
landforms category. Its combination of persistemal lake activity (one of only four globally), aai volcanological
dynamics, extraordinary aesthetic spectacle, hityerture value, and deep scientific significancelegs it exceptional
across all five assessment criteria (Vs = very high= high; Va = very high; Vah = very high; Vchigh priority). Erta
Ale alone satisfies the scientific value threshimd UNESCO Global Geopark designation and reprast flagship

geosite of any proposed Afar Geopark.
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Figures 4.6 Active lava lakes of Erta Ale (two), seen from tbeuth in 1968 (fumaroles; Photo J. Varet-top jeft)
Satellite image of the Erta Ale crater, with theeet of the November—December 2010 eruption lai@s right). Erta
Ale Lava Lake, showing rise in observed lava le€lBoto D. Keir 2009-bottom left); Erta’ Ale oveiép (Photo L.

Field, 2010-bottom right
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Figures 4.7 Satellite image of the Erta Ale crater (image acgdion on 15 Aprile 2024nd field photographs showing

three active conesith limited extent of lavas flown/risgfPhoto Jemal, 2024).
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Figures 4.8Field photographs showing Lava Lake rise and daocna#ly overflow (Photo Yasin, 2025) Satellite image
of the Erta Ale Volcano (satellite image acquired Ib May 2025) and concrete road (bottom right-ekéd Erebti
junction- Ahmed Ela Road Project)

4.2.2 Awash River canyon, waterfalls and destinatiolake basins
Geological setting

The Awash River -the only major river originating the Ethiopian Plateau that flows into the AfampBession rather
than toward the sea - has incised a series of di@manyon sections through Quaternary volcanic sedimentary
sequences as it descends from the highland masgist of Addis Ababa) into the rift basin (Lake Aph&he canyon
walls expose a stratigraphic record of alternatiagaltic lava flows, ignimbrites, tuffs, and lacirst sediments that
documents the eruptive and depositional historyhef Ethiopian-Afar volcanic province across mutigimescales
(Tesfaye et al., 2003).
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Awash Waterfall occurs along the Awash River caridat Awash National Parkig.4.9) which arecontrolled by
lithological, (e.g. alternate strata of basalt wdifferent strength and ignimbrite), structuraé(inormal fault (NNE) and
various sets of joints), and geomorphological fesssnich as weathering and erosions. The Awash Restirdtion lake
basins are known by their swampy environments,adfsh, and chain of interconnected lakes (i.e. eL&emeri,
Afambo, Bario and Abhe) where the Awash freshwatgpplies first to Lake Gemeri and overflowing irtake
Afambo and then drained to the Bario and flowe/d to Lake Abhe (Fig. 4.9). Lake Abhe (the lasititetion) lying
on the border between Ethiopia and Djibouti wheastpart of it lyes in Ethiopia and is situatedtie center of Afar

Triple Junction.

Geotourism significance

Based on esthetic values such as scenkeysideway spread water with various steps, gorgeunds of the falls and
views of crocodiles on the river bank provides wenfial pleasure and put good remembrances for vsiad Awash
waterfalls (fig.4.9). The ultimate destiny of AwaRBliver morphology, hot springs, its proximity tespectacular Dama
Ale Volcano and being an intersection place of tthree rifts (Afar triple junction) make Lake Abhaeofthe most
fascinating areas with considerable aestheticgnsiic and economic values. The sun set activiied colonies of
flamingos are also another astonishing aspectseofteaApart from beauty, Abhe Lake could offer adventimerism
such as trekking and boat riding. The combinatibmiver canyon scenery, waterfall features, la@enfations, hot
springs aspects and paleontological potential mdeswash corridor a multi-value geosite of corsatble geotourism

appeal.

Geotourism assessment and significance

The Awash River canyon and waterfalls and destinatake basin system is assessed as a geositatiohal
significance with high educational and aesthetic values (Maoderate; Ve = high; Va = high; Vah = moderate;2/c
medium). Its proximity to Awash National Park- a BSICO-recognized protected area - provides an Bgisti
management framework and visitor infrastructure dwuld be leveraged for geotourism developmenh wéllatively

modest additional investment.
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4.2.3 Tectonic and Structural Frameworks

Geological setting

Manda Hararo—Dabbahu rift segment situated in the Central Afar Depression and regmes one of the most
seismically and volcanically active continentat segments on Earth. It is the site of the mostnditéc rift opening
event recorded in modern geological history. Thease expression of the 2005-2010 rifting episagtaains clearly
visible in the landscape: fresh fault scarps, ofissure systems, lava flows emplaced during intnusévents, and
hydrothermally altered zones along dike marginsatiraccessible to field investigation (Ayele et @D07; Wright et al.,
2006; Fig. 4.11). These features constitute a w@hjgrecent and well-documented record of activetioental breakup,
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transforming the Manda Hararo—Dabbahu segmentangdobally significant outdoor natural laboratoyr ftectonic
geotourism.

te Farmlof;Harrisa:

Figure 4.10.Drone image (Google Earth) showing Lake Gemeri. Viesvs over the swampy area from the higher
ground are really astonishing during sun set ti@atellite image (Google Earth pro) and field phohapds Lower
Awash River morphology and Lake Abhe Hot Spring

Afar Triple Junction: it is a geological depression that developed inatea of the Triple Junction where two oceanic
ridges-the Gulf of Aden and the Red Sea- (landesgmtative), and a continental rift, the East Agdni&ift Valley, meet-
largely (fig. 4.12). The junction is confined sdelly to the east central Afar Depression soutsiwef Lake Abhe as
evidenced from DEM and satellite image.Besides its geological particularities describéds ithe only place in the
world where an oceanic plate boundary can be obdeon land with all its successive steps of devekm since
continental break-up.
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Geotourism assessment and significance

The Manda Hararo—Dabbahu rift segment and Afaletjynction are assessed as a geositetefnational significance
with exceptional scientific and educational val\s € very high; Ve = very high) where iggsthetic appeal, Adventure
importance; and conservation priority is high to medium ( Va = high; Vah = high; Vc = medium). The dramaditd
visible surface record of active rifting - includilopen fissures, fresh fault scarps, and recentfyl&ced lavas - provides
a uniquely compelling tectonic geotourism experéeemdgth no close equivalent elsewhere on Earth atdtrface.
Integration with the Boina fumarole field (Sectidnl.3), located within the same rift segment, @ga coherent

Northern Afar tectonic geotourism circuit of intational appeal.
4.3 Paleoanthropological Localities

The Afar Depression's contribution to the scienéehoman evolutionary origins represents a dimensdbnits
geoheritage that is without parallel globally. TW&ldle Awash research area and associated localitithin the Afar
have produced a succession of hominin fossil disges spanning more than four million years of atiohary history,
establishing the region as the single most prodecpaleoanthropological territory on Earth. Thistragrdinary
scientific legacy generates a geotourism propasitd genuine global significance - one that appewds only to

specialist researchers but to the broad internaltipmblic fascinated by the origins of humanity.

4.3.1 Hadar: the Lucy site
Scientific significance

Hadar, located in the Central Afar Depression aldihg Awash River corridor, is the site of discoverly the
Australopithecus afarensis specimen AL 288-1 - popularly known as Lucy -rem@d by Donald Johanson and
colleagues in 1974 (Johanson et al., 1982). At@pprately 3.2 million years of age, Lucy remainsarf the most
complete and most studied early hominin specimenthé fossil record, and her discovery fundamepntaltered
scientific understanding of bipedal locomotion atid phylogenetic relationships of early homininsaddar has
subsequently yielded additional afarensis specimens, including the "First Family" assembleggresenting at least

thirteen individuals of varying age and sex (Joban& White, 1979).

The Hadar Formation - a sequence of lacustringidluand volcanic sediments exposed along the AvRRiger valley -
constitutes the geological context for these disceg and itself represents a site of significanatigraphic and
paleoenvironmental interest. The interbedded teppravide radiometric age anchors for the homirgaring levels and

document the environmental backdrop of early homéviolution in a dynamic rift basin setting (fig13).
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Figure 4.11Filed photograph of the recent open fissure systienthe Dabahu-Boina area and drone image of an op
extensional fissures/fractures and an impredsivea Lake pit crater within the Manda Hararo rift segmengn@al Afar

Depression.
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Geotourism significance

The name "Lucy" carries global recognition far eedieg the specialist paleoanthropological commuymtgviding an
immediate and powerful geotourism narrative. Vistéo Hadar encounter not only the landscape wioeie of
humanity's most famous ancestors was found, batthésactive geological processes - river erosedjment exposure,
volcanic tuff outcrop - that continue to bring fibsaaterial to the surface. The site's proximitythe Yangudi National
Park and Tio geothermal field further enhances géptourism development potential through ecosydexel

integration and geothermal features.

Geotourism assessment and significance

Hadar is assessed as a geosit@tefnational significance with exceptional scientific and educational vaj\ls = very
high; Ve = very high; Va = moderate; Vah = moderate = high priority). Its primary geoconservatiohallenge is the
protection of fossiliferous surfaces from uncor#dl visitor access and surface disturbance, reguizioned visitor

management and trained local guide programs.

5. Discussion

5.1 Geotourism potential in a global and African catext

The systematic geoheritage assessment preserttad gtudy confirms that the Afar Depression hast®ncentration of
world-class geosites with no close equivalent @nAfrican continent. Of the fourteen principal gées inventoried, six
were classified as international significant, cdiileely spanning geothermal, volcanic, geomorphiaialg

paleoanthropological, and tectonic categories. Thematic breadth - encompassing both abiotic geosity and

associated cultural and evolutionary heritage tirdisishes the Afar Depression from most existifngB$CO Global
Geoparks, which typically derive their designativom a narrower range of geological phenomena [{Bril2016;

UNESCO, 2016).

Africa's representation within the UNESCO Globalo@arks Network (GGN) remains dramatically disprojooiate to
the continent's geological significance. As of 2088ver than three African geoparks hold UNESCOigiegion,
compared to more than 100 in Europe and East AB@N, 2026). Ethiopia, despite possessing one ofhtghest
concentrations of UNESCO World Heritage Sites ib-Saharan Africa, has yet to establish a nationabognized
geopark. This study's findings provide the firststeynatic, multi-criteria evidence base to suppothidpia's
advancement toward geopark development, with thar Ajepression emerging as the highest-priority ichaid

territory.
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Figure 4.13 Heritage sites of Lucy and morphology of Ada-A’r/Hadar Formations
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5.2 Flagship geosites and UNESCO GGN candidacy

The assessment identifies Dallol hydrothermal figidi Erta Ale shield volcano as the two flagshipsites of any
proposed Afar Geopark, both achieving the higheshposite geotourism potential scores across all &valuation
criteria. Dallol's status as a globally unique hgpélic hydrothermal system with documented astioly significance
(Cavalazzi et al., 2019) and Erta Ale's positioroae of only four persistent lava lake systems agllgh(Field et al.,
2012) individually satisfy the scientific value #shold for UNESCO GGN designation. Together, thegyresent a

scientific asset of extraordinary internationahdgfigance.

The Middle Awash paleoanthropological corridor eempassing the Ardi, Lucy, and Gona localitiesdsad dimension
of geoheritage value that extends beyond convesitigeological criteria, incorporating more thanrfauillion years of
hominin evolutionary history within a single geoginécally coherent territory (Johanson et al., 1982jite et al., 2009;
Semaw et al., 2003Yhis paleoanthropological legacy creates a gedouriarrative of global public appeal that would

distinguish the Afar Geopark from all existing Afain geopark designations.

The Manda Hararo-Dabbahu rift segment and Afarl@rjonction provide a third globally significaniesttific asset - a
real-time, instrumentally documented record ofwectiontinental rifting (Ayele et al., 2007; Wrigét al., 2006) - that
reinforces the Afar Depression's claim to the statiuthe world's premier natural laboratory fortBascience education

and research.
5.3 Geo-health dimension: an emerging geotourism e

A distinctive finding of this study is the dual ghealth significance of the Afar Depression's geottal features -
simultaneously offering traditional therapeutic ualthrough balneotherapy and presenting documeunibtic health
risks through geochemically hazardous drinking wakle detection of arsenic, fluoride, and meraggcentrations far
exceeding WHO guidelines at Alallobad, Tio, and ri@o{Section 4.1) underscores the urgency of geoickaémisk
communication as an integrated component of anyogesm management framework. This finding aligrighwhe
growing recognition of geo-health as a legitimatel @anportant dimension of geoheritage value, whilaultaneously

highlighting a management responsibility that edtebeyond visitor experience into community hephitection.
5.4 Geoconservation challenges

The Afar Depression's geosites face a range ofagseevation threats that must be addressed withyngeopark
management framework. At Dallol, the fragility ofaporite surface structures -including halite teess salt flowers,
and brine pool margins - renders them vulnerablehysical disturbance by unregulated vehicle aceesson-foot

visitor traffic. At the paleoanthropological lod#is, fossiliferous surfaces require protectiomfreollection and surface
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disturbance, necessitating zoned access managamentained local guide programs. At volcanic sitesuding Erta
Ale and Boina, visitor safety from degassing, ubletayround, and eruptive activity requires formskrassessment and
management protocols that currently do not exigisEhchallenges are not unique to Afar - comparngdxdeonservation
management issues are well documented in emergingagk territories across Africa and globally (Nigwi2015;
Errami et al., 2013).

5.5 Community participation and sustainable develoment

The long-term sustainability of geotourism in th&aADepression is contingent on the meaningfuligipdtion of the
Afar pastoral communities as active stakeholdedsewmmnomic beneficiaries rather than passive restpiof externally
driven development. The geo-cultural heritage aflitional salt production on the Danakil plainsdak traditional
geothermal therapy at Alallobad and Tio, and Afaolegical knowledge of the volcanic landscape alpresent
community assets that can be integrated into aogestn offering of exceptional authenticity. Intational experience
demonstrates that community-managed geotourismrgtsemore durable conservation outcomes and grk=atal

economic benefit than externally managed modelséraet al., 2012; Ngwira, 2015).

6: Conclusion

This study presents the first systematic, multiecia geoheritage assessment of the Afar Depressiorheastern
Ethiopia, integrating field investigation, satedliimagery analysis, hydrochemical sampling, and pretrensive
literature review across a four-year research amg(2021-2024). Eleven principal geoheritage siteee identified
and inventoried across five thematic categorietbggmal features, volcanic landforms, geomorphaialgiandscapes,
paleoanthropological localities, and tectonic pheapa and evaluated using an integrated five-oniteessessment

framework encompassing scientific, educationalthestie, adventure, and geo-health values.

Six geosites were classified as globally significdive as nationally significant, and two as Idgaignificant. Dallol
hydrothermal field, Erta Ale shield volcano, Allalad and Boina geothermal, the Middle Awash paldoapblogical
corridor-Hadar, the Manda Hararo—Dabbahu rift sagmand the Afar Triple Junction collectively repeat a
concentration of world-class geoheritage asseth wit close equivalent on the African continent. eehigeosites -
Dallol, Erta Ale, and the Middle Awash corridomdividually satisfy the scientific value threshdtat UNESCO Global

Geopark designation, and together constitute alfigggeopark core of exceptional international iicgnce.

Spatial analysis revealed three coherent geoherithgsters - Northern Afar, Central Afar, and théddle Awash
corridor - providing a natural framework for geopdoundary delineation and zoned management. Zegpitiopia's
outstanding concentration of UNESCO World Herit&jtes, no national or UNESCO Global Geopark hasbgen
established in the country. This study providessttientific foundation and site inventory to inféahat process for the

Afar Depression.
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The integration of geotourism into geopark develeptmin Afar has the potential to simultaneously aatbe
geoconservation, expand geoeducation, generatairsalstie livelihoods for Afar pastoral communitiesid position
Ethiopia as a significant contributor to the UNES@Ibbal Geoparks Network in Africa. Realizing thpstential

requires coordinated action across scientific, guwental, community, and international institutibaetors.
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